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We determined the genomic sequence at the site of insertion in
2,266 unselected P element insertion events. Estimating physical
properties of the genomic DNA at these insertion sites—such as
base composition, bendability, A-philicity, protein-induced de-
formability, and B-DNA twist—revealed that they differ signifi-
cantly from average chromosomal DNA. By examining potential
hydrogen bonding sites in the major groove, we identified a 14-bp
palindromic pattern centered on the 8-bp target site duplication
that is generated by P element insertion. Our results suggest that
the P-element transposition mechanism has a two-fold dyad sym-
metry and recognizes a structural feature at insertion sites, rather
than a specific sequence motif.

Transposable elements exist in the genomes of many organ-
isms and have become important tools in genome research.

By generating a simple, reproducible lesion on insertion that
can be detected easily, transposable elements provide a pow-
erful means of correlating genetic and molecular information
(1, 2). In Drosophila melanogaster, the P transposable element
has been particularly useful because strains whose genomes are
free of this element exist (3), its movement can be controlled
by limiting the availability of its transposase (4, 5), and
modified elements can be constructed in vitro and reintro-
duced into the genome (6). It has long been appreciated that
P elements insert nonrandomly (7); however, the factors that
inf luence this specificity are not well understood. There is an
apparent preference for chromosomal sites that are likely to be
accessible in chromatin; euchromatic sites are favored over
heterochromatic sites (8), interbands appear to be favored over
bands (9), and there is a marked tendency to integrate at the
59-end of genes (10). Local sequence composition at the site of
insertion also appears to play a role. O’Hare and Rubin (7)
examined the sequences f lanking 18 P element insertions and
noted that the 8-bp target sequence that is duplicated on
insertion is GC rich.

Attempts to study the insertion site preferences of P ele-
ments have been hindered by the fact that the available
collections of insertions were biased in that the insertions in
these collections had been selected based on their phenotype.
As part of its effort to understand gene function, the Berkeley
Drosophila Genome Project (BDGP) is carrying out an inser-
tional mutagenesis project (10) that utilizes an engineered P
transposable element, the EP element (11, 12). In these
experiments, no selection, other than the ability of the EP
element to express the dominant eye color marker it carries,
was applied. In this report, we have used this first large
collection of unselected insertion events to examine what
features of the genomic sequence at the site of insertion are
correlated with P element insertion.

DNA secondary structure depends at least in part on the
sequence of nucleotides. There are a number of methods for
measuring DNA physical properties from di- or trinucleotides
based on calculating stacking energy (13), propeller twist (14),
nucleosome positioning (15), bendability (16), A-philicity (17),
protein-induced deformability (18), duplex stability (19, 20),
DNA denaturation (21), DNA bending stiffness (22), B-DNA
twist (23), protein-DNA twist (18), or stabilizing energy of

Z-DNA (24). Stacking energy, propeller twist, nucleosome
positioning, and bendability have been applied to the analysis of
specific DNA sequences (25–27), and we have used bendability,
A-philicity, protein-induced deformability, and B-DNA twist
here to compare sequences at the sites of P element insertion to
unselected chromosomal DNA. We show that all four of these
measures of DNA structure deviate significantly from random at
P element insertion sites. Our results argue that the donor DNA
and transposase complex performing P element integration may
recognize a structural feature of the target DNA rather than a
specific sequence of nucleotides.

Many protein-DNA interactions occur by hydrogen-bonding
of amino acid side chains to sites in the DNA’s major groove (see,
for example, ref. 28). Fig. 1 shows the potential hydrogen
bonding sites by protein to DNA base pairs. There are six
potential hydrogen-bonding sites found in the major groove as
described by Seeman et al. (29). We developed a new tool to
visualize potential hydrogen-bonding patterns in DNA, which we
call HbondView. Using this tool to examine P element insertion
sites, we show that the 8-bp target site duplication created by P
element insertion (7) is contained within a 14-bp palindromic
pattern. This result suggests that the complex of P transposase
and donor DNA that mediates P element integration may be
two-fold symmetrical.

Materials and Methods
Determination of the P Element Insertion Site Sequences. The 2,266
EP insertion lines are described in ref. 12. Flanking DNA
sequences were determined by sequencing inverse PCR prod-
ucts as described in detail at http:yywww.fruitf ly.orgy
podisruptyinverseopcr.html. In brief, DNA was prepared from
30 adult f lies, digested with either Sau3A or HinPI, and then
ligated under dilute conditions to favor intermolecular liga-
tion. PCR was performed for 35 cycles using primers specific
for appropriate P element sequences. Generally strong and
unique products resulted that could be directly sequenced
without extensive purification.

To identify the EP insertion sites on genomic DNA, we used
BLASTN to align the assembled EP flanking sequences against
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'25 Mb of available genomic DNA sequence at the time the
analysis was done. Only those matches with .95% identity for
.95% of the length of EP flanking sequences were used. EP
flanking sequences hitting multiple genomic clones, implying
insertion into repetitive DNA, were excluded.

HbondView. In this visualization method, a set of aligned nucle-
otide sequences is represented by their potential hydrogen-
bonding donor and acceptor sites, using the conversion matrix
derived in ref. 29 and shown in Table 1. Each of the six potential
hydrogen-bonding positions in the major grove at each base pair
is represented by a color: donor (red), acceptor (blue), and
non-hydrogen-bonding (gray). In the current analysis, multiple
insertion site sequences were aligned at the first nucleotide (base
0 in Fig. 3) of the 8-bp target site duplication. The final color at
each position is determined by the percentages of hydrogen-
bond donors, hydrogen-bond acceptors, and non-hydrogen-
bonding sites at that position.

We developed the following scoring function to measure how
well a given sequence matches an n-bp pattern:

S 5 a* O
b51

n O
p51

6

f~Cb,p 2 Rb,p!

f~x! 5 H x if x $ 0
0 if x , 0

where a is a constant, C is the pattern value of a given color at
position p of base b, and R is the expected value of same color
of position p of base b if there is no pattern. We do not impose
a penalty if the color at a position did not match the pattern.

Calculation of the Probability of Obtaining a Peak in a GC Content
Distribution. To calculate GC content over window size w for s
aligned sequences, we took (s 3 w) nucleotides and counted the
number of Gs and Cs. This process can be considered analogous
to flipping a coin (s 3 w) times and counting how many times
heads is obtained, in which case the probability of s DNA
sequences giving a peak value v (0 , v , 1) with average GC
content p (0 , p , 1) in genome DNA is the same as the
probability of obtaining v heads, after flipping a coin (s 3 w)
times, assuming a probability p of obtaining heads and a
probability q 5 1 2 p of obtaining tails on each flip. Applying
the binomial probability formula:

Let n 5 s 3 w,
m 5 s 3 w 3 v, m is integer, 0 , v , 1,

then the probability

P 5 S n
mD 3 ~p∧m! 3 ~q∧~n 2 m!!.

Results
Determining the Insertion Site Sequences for a Large Collection of
Unselected P Element Insertions. We determined the insertion site
sequences for 2,266 independent insertions of the EP element
that were present in the lines described by Rørth et al. (12) by
using a method based on inverse PCR (see Materials and
Methods). For most lines, we were able to obtain sequences
corresponding to both the 59 and 39 junctions between the
inserted element and genomic DNA. Because P element inser-
tion generates an 8-bp target site duplication, it was possible to
assemble these sequences to reconstruct a contiguous sequence
of genomic DNA spanning the insertion site. In this way, we were
able to obtain insertion site sequences that averaged 400 bp for
1,577 (69.6%) of the EP insertions. For 611 (27%) of the
insertions, we successfully obtained sequence only across the
junction between the element and the genome on one end of the
element; these sequences had an average length of about 200
base pairs. For 78 (3.4%) of the EP lines, the 8-bp direct target
site duplications did not agree in sequence. Such events can
result from either a deletion being associated with the P element
insertion event or from a mistracking of samples. These lines
were excluded from further analysis. For 2,241 (98.9%) EP lines,
we obtained enough DNA sequence (.25 bp) to allow us to
compare the sequence with genomic DNA (see Materials and
Methods); the insertion site sequences obtained for these 2,241
lines averaged 311 bp. We were able to use available genomic
DNA sequences to extend the insertion site sequences of 637
lines, giving us a total of 587 insertions for which we had at least
250 bp of sequence on either side of the insertion site. To prevent
the introduction of bias into our analysis of insertion sites, we
grouped these sequences if the distance between insertion sites
was less than 250 bp and only included one sequence from each
group in the data set we used in subsequent analyses. This data
set contained 467 sequences, which were aligned at the first
nucleotide of 8-bp direct repeat (position 0 in Fig. 2).

P element insertions occur nonrandomly and some sites are
known to be highly preferred. We compared the sequences of the
insertion sites to determine how many different sites were

Fig. 1. Diagram showing the potential hydrogen bonding sites presented in
the major groove of DNA by G-C and A-T base pairs. Adapted from figures and
descriptions in work by Seeman et al. (29).

Table 1. Conversion matrix for nucleotide sequence

Potential hydrogen
bonding position w1 w2 w3 w39 w29 w19

AyT a n d n a n
TyA n a n d n a
GyC a n a n d n
CyG n d n a n a

Each base pair can be converted to a representation of six potential
hydrogen bonding positions. a, a potential hydrogen bond acceptor site; d, a
potential hydrogen bond donor site; n, no hydrogen bonding.
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represented in our collection. We considered two EP insertions
to be at the same site if their 8-bp target site duplications
overlapped. We found 2,045 distinct insertion sites, with 118 sites
having been hit more than once. The most preferred site in our
data set was located at polytene band 12C on the X chromosome
and was hit by 40 independent insertions.

Table 2 shows a summary of 8-bp target site duplications from
1,469 different P insertion sites. For this analysis, we only used
data from insertions for which we could independently deter-
mine the 8-bp target site duplication sequence from each end of
the element. Although there are base preferences at each
position, these are not strong enough to generate a clear
consensus sequence.

P Element Insertion Sites Have a High GC Content. GC content was
then calculated for a 500-bp segment of genomic DNA centered
on the P element insertion site using a window size of 3 bp. The
average value of all sequences over a window was assigned to the
nucleotide in the middle of the window, and these data were
plotted (Fig. 2, top panel). GC content shows a symmetrical
pattern centered on the 8-bp target site duplication, rising from

around 37% and reaching a peak of 59.2% at the 8-bp target site
(Fig. 2, top panel, heavy line). We were able to observe a peak
of GC content at the insertion site by using sliding window sizes
ranging from 3 to 21 bp. A data set containing 467 randomly
selected 500-bp genomic sequences gave a nearly flat distribu-
tion with a 42.5% average GC content (Fig. 2, top panel, light
line). The chance of 467 randomly chosen 500-bp DNA se-
quences of 42.5% average GC content giving a peak value of
59.2% when aligned and averaged is about 10236 (see Materials
and Methods), indicating that the observed peak in GC content
at the P insertion site is highly statistically significant. We also
tested another data set containing 467 randomly generated
sequences with same base composition as the EP insertion site
data set (43.3% GC); again, no comparable peak in GC content
was seen (data not shown).

Several Measures of DNA Physical Properties Show Significant Signals
at the P Insertion Site. We applied 12 different measures (13–24)
of DNA physical properties to the same data sets examined
above for GC content. All measures show a significant signal at
the P insertion site (only results from A-philicity, protein-
induced deformability, B-DNA twist, and bendability are re-
ported here). Although these measures are obtained via differ-
ent experiments, we examined the computational relationships
between these measures and GC content. We calculated corre-
lation coefficients for each pair of dinucleotide or trinucleotide
measures by using a uniform distribution across dinucleotides or
trinucleotides (see http:yywww.fruitf ly.orgy;guochuny
pins.html for a complete listing of measures and correlation
coefficients). Most correlation coefficients between A-philicity,
protein-induced deformability, B-DNA twist, bendability, and
GC content are small and suggest that those measures are
computational-independent and can provide independent ele-
ments of supporting evidence.

Profiles were calculated by using a window size of 3 and
averaged over all sequences. As shown in Fig. 2, these profiles are
each symmetrical around the site of insertion and display a
significant signal at the P insertion site. Neither the data set of
randomly selected genomic sequences nor of randomly gener-
ated sequences with same base composition as the test set gave
any significant signal (data not shown). We also applied these
same physical scales to an independent data set derived from the
insertion sites of P elements selected to cause lethality (30) and
obtained similar results (data not shown). Given the fact that
these 500-bp sequences, as well as the sequences of the 8-bp
target site duplications themselves, are highly diverse, our results
strongly support the idea that P-element insertion recognizes
some aspect of DNA structure rather than sequence similarity.

Analysis of the trinucleotide composition of the 8-bp target
site duplication revealed that the sequences around the P
insertion sites are enriched in six triplets: CAG, CTG, GAC,
GCC, GGC, and GTC. The bendability and nucleosome posi-
tioning measures are based on triplet frequencies, and these six
triplets are correlated with high values. Similarly, the analysis of
dinucleotide frequencies revealed enrichments for the dinucle-
otides CC, GC, GG, and GT, consistent with the high GC
content at the insertion site. CC, GG, and GT are correlated with
low values of A-philicity and B-DNA twist, and CC and GG are
correlated with high values of protein-induced deformability.

Fig. 2. Profiles of GC content and the four indicated DNA physical measures
in 500-bp segments of DNA derived from 467 independent, aligned P insertion
sites. Position 0 corresponds to the first nucleotide of the 8-bp target site
duplication that is shaded gray. In the profile of GC content, the heavy line
represents actual EP insertion sites whereas the light line represents the same
number of randomly picked 500-bp genomic sequences. Profiles of A-philicity,
protein-induced deformability, B-DNA twist, and bendability are shown.

Table 2. The frequency with which each nucleotide occurs at the eight positions in the direct
repeats generated by 1,469 P element insertions

A 0.19 0.14 0.09 0.10 0.30 0.30 0.41 0.07
T 0.06 0.39 0.31 0.34 0.10 0.12 0.13 0.20
G 0.52 0.24 0.11 0.16 0.43 0.48 0.21 0.22
C 0.23 0.23 0.49 0.40 0.17 0.10 0.25 0.51
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HbondView Identifies a 14-bp Palindromic Pattern at P Insertion Site.
Many protein-DNA interactions occur through hydrogen bond-
ing between amino acid side-chains and sites in the major groove
of the DNA double helix. Because different bases can present
similar arrangements of donor and acceptor sites (29), we
thought it might be more informative to examine the pattern of
these sites in the major groove in our collection of P insertion
sites, rather than to simply compare their nucleotide sequences.
To facilitate this effort we developed a method, which we call
HbondView, that converts a set of aligned nucleotide sequences
into a display of potential hydrogen-bonding positions in the
major groove by representing hydrogen-bond donor and accep-
tor sites as different colors (see Materials and Methods). We
applied this method to several data sets of EP insertion se-
quences. In the experiment shown in Fig. 3, we studied 1,185

different 50-bp sequences, each centered on the 8-bp target-site
duplication. Each row represents a base pair, and the six columns
in each row represent the six potential hydrogen-bonding sites in
the major groove for each base pair (see Fig. 1). Acceptor sites
are represented in red and donor sites in blue. Because the
pattern shown is the average of all 1,185 aligned sequences, the
final color at each position indicates the tendency for that
position to be a donor or an acceptor. A 14-bp palindromic
pattern, composed of the 8 bp that are duplicated on insertion
and 3 bp on either side, is apparent. Although this palindromic
pattern is not obvious when only a single insertion site is
examined, we found that as few as 50 insertion sites, when
aligned and averaged, gave a clear 14-bp pattern.

We then built the 14-bp pattern using a data set of 1,284 EP
insertion sites that occurred in regions that were not present in
the available completed genomic sequence at the time the
analysis was done. Using the scoring function described in
Materials and Methods, we then calculated the scores of 254
14-mer corresponding to unrelated EP insertion sites in the
completed genomic sequence. We also scanned available com-
pleted genomic sequences and scored 23 million unselected
14-mer. The average score for 14-mer from genomic sequences
is 41 6 10.5 whereas the average score for 14-mer from EP
insertion sites is 61.7 6 8. The distributions of scores are
compared in Fig. 4 and are largely non-overlapping, indicating
that the 14-bp pattern we derived correlated well with P insertion
sites.

Because the 14-bp pattern is a palindrome, we were interested
in determining whether any palindromic sequence would be
favored for P insertion, or if particular features of the 14-bp
pattern we identified were responsible for the observed prefer-
ence. We found that the average tendency for 14-mer from EP
insertion sites to be palindromic is only 15% higher than for
14-mer chosen at random from genomic sequences. In compar-
ison, 14-mer from EP insertion sites are about 50% better at
matching the 14-bp pattern than are 14-mer from genomic
sequences, implying that simply being palindromic is not the only
factor in P insertion site determination.

Discussion
In this report we describe a highly efficient protocol for mapping
the genomic sites of insertion of P transposable elements and its

Fig. 3. Potential hydrogen bonding pattern at P transposable element
insertion sites. Nucleotide positions are numbered with position 0 correspond-
ing to the first nucleotide of the 8-bp target site duplication. At each nucle-
otide position, the six potential sites of hydrogen bonding in the major groove
(see Table 1) are color coded as follows: red represents a potential acceptor
site, blue represents a potential donor site, and gray indicates a site that can
be neither a donor nor an acceptor. In the pattern shown the colors have been
averaged over 1,185 aligned sequences so that the color at each site reflects
how often that site is a hydrogen bond donor, acceptor, or non-hydrogen-
bonding site in this sequence set. A 14-bp palindromic pattern centered on the
8-bp target site duplication is apparent. Above and below this 14-bp region,
red predominates at the outer sites (w1 and w19), and purple predominates at
the other positions. This is the expected pattern for random sequences be-
cause, regardless of the DNA sequence, there is no potential hydrogen-
bonding donor at site w1 and w19. Close inspection of the pattern uncovered
several significant potential hydrogen-bonding donor and acceptor sites.
Donor sites predominate at six positions: the w2 position of bases 2 and 7, w3
of base 23, w39 of base 10, and w29 of bases 0 and 5. Acceptor sites predom-
inate at 10 positions: the w1 position of bases 0, 4, and 5, w3 of bases 0 and 5,
w39 of bases 2 and 7, and w19 of bases 2, 3, and 7.

Fig. 4. Comparison of how well 14-mer from EP insertion sites (solid line) and
14-mer from genomic sequences (dotted line) fit the 14-bp pattern. A score for
each 14-mer is calculated by using the function described in Materials and
Methods. The results are then plotted as percentage of 14-mer at each score.
91.7% of 14-mer from EP insertion sites are outside the first standard deviation
of the distribution of 14-mer from unselected genomic sequences, and 87.7%
of 14-mer from unselected genomic sequences are outside the first standard
deviations of the distribution of 14-mer from EP insertions.
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application to over 2,200 individual insertion events. This data
set represents a large, unbiased collection of sequenced P
insertion sites, allowing us to apply a number of statistical
methods to analyze P insertion preferences.

P element insertion is nonrandom, and most insertions occur
within a few hundred bases of the transcription start site of a
gene. It is likely that a great deal of this preference is caused by
chromatin accessibility, as these are the same chromosomal
regions that must be accessed by the transcriptional control
machinery. Even within these open regions of chromatin, how-
ever, P insertion does not appear to be random. In this report we
present evidence that this local preference may depend more on
DNA structure than on primary sequence. Similar DNA struc-
tures may be produced by DNA with different nucleotide
sequences. Therefore, in addition to looking for sequence sim-
ilarity, we used four existing measures of DNA physical prop-
erties, each of which shows a clear tendency for P insertion sites
to differ from general chromosomal DNA.

We also developed a new tool, HbondView, to visualize the
hydrogen bonding potential of sites in the DNA major groove.
The results of this analysis indicate that the P elements prefer a
particular palindromic arrangement of hydrogen bonding sites
over a 14-bp region centered on their insertion site. Individual

P insertion sites are usually highly diverged from the consensus
we derived, indicating that recognition of this site can only
require the formation of a small subset of hydrogen bonds shown
in the consensus. Our results imply that interaction of P trans-
posase with the P insertion site is facilitated by both DNA
structural features and a degenerate pattern of hydrogen bond-
ing sites in the major groove. It is likely that other DNA binding
proteins that show low sequence specificity of binding employ
similar mechanisms.

HbondView is a graphical method that converts a set of
aligned DNA sequences to a representation of potential hydro-
gen-bonding positions in the major groove. It provides a way to
uncover and quantitate features of protein-binding sites that are
easily ignored if only DNA sequence similarity is considered. We
are currently evaluating the use of this coding strategy for other
applications in bioinformatics.
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